Introduction {#s001}
============

C[ardiovascular disease,]{.smallcaps} which includes heart failure, is the leading cause of death in the United States.^[@B1]^ One common cause of heart failure is the heart\'s inability to effectively pump blood due to the ischemic, or scarred, tissue from a myocardial infarction. Currently, the most promising cell sources for the restoration of heart function are cells derived from stem cells. Embryonic stem cells (ESCs) and induced pluripotent stem cells have the ability to differentiate into almost all types of cells, including cardiomyocytes (CMs) with cardiac molecular, structural, and functional characteristics.^[@B2]^ Moreover, a number of animal studies have shown that hESC-derived CMs can be implanted into the damaged area of the heart to promote the contractile function of the heart.^[@B5]^ However, because millions of cells are needed for effective human cell therapies,^[@B7],[@B10]^ efficient induction methods for generating high numbers of functional CMs are critical. Recently, the optimization of Wnt, Activin/Nodal, and bone morphogenetic protein (BMP) soluble signaling levels in cardiac differentiation protocols were identified as exhibiting variable levels of efficiency across the different hESC lines,^[@B5],[@B11]^ and a number of highly efficient cell line--specific protocols have been published.^[@B13],[@B16]^

In addition to Wnt, Activin/Nodal, and BMP soluble signaling levels, another important signal mimicking the "niche" of the developing embryo is the extracellular matrix (ECM). The ECM displays an array of macromolecular cues that not only provide the physical support for cell adhesion, but can also direct cell proliferation, migration, and differentiation.^[@B17]^ The cellular effects in response to ECM, such as fibronectin, laminins, various collagens, tenascin, vitronectin, and thrombospondin, are mediated by the integrin family of cell surface receptors. Following cell adhesion to ECM, focal adhesion kinase (FAK) becomes phosphorylated at multiple sites, including tyrosines 397, 576, and 577, and the FAK activation phosphorylation loop is significantly elevated in cells expressing activated Src.^[@B20]^ This activation can lead to stimulation of a number of cell-signaling cascades that ultimately activate the Ras/MAPK/ERK pathway leading to cell proliferation, migration, differentiation and/or survival (reviewed by Boudreau and Jones^[@B21]^). Specifically, FAK is known to play a role in BMP4-induced adipogenesis,^[@B22]^ and activation of FAK and ERK1/2 signaling pathway coincides with osteogenic differentiation.^[@B23]^ However, despite the growing interest in this area, no studies to date have linked matrix integrin-mediated FAK and ERK activation in cardiac fate.

Many groups have suggested the role of various ECM molecules in cardiovascular differentiation of hESC. For example, the presence of fibronectin (FN) in three-dimensional (3D) collagen constructs stimulated endothelial cell differentiation and vascularization of differentiating embryoid bodies (EBs),^[@B24]^ while laminin (LN) increased the ability of ESCs to differentiate into beating CM clusters.^[@B24]^ Another group showed that hydrogels, in the absence of supplemental growth factors, containing higher percentages of native cardiac ECM (75%) increased the fraction of cells expressing cardiac marker troponin T compared with lower percentages (25%) of native cardiac ECM.^[@B25]^ Matrigel ECM components have also been implicated in efficient differentiation of CM by promoting the epithelial-to-mesenchymal transition.^[@B26]^

However, the 3D collagen gel,^[@B24]^ cardiac ECM hydrogel,^[@B25]^ cardiogel,^[@B27]^ and Matrigel matrix sandwich^[@B26]^ described to promote *in vitro* cardiac differentiation are mixed with a variety of biomaterials, many of which (i.e., cardiogel and Matrigel) vary from batch to batch. Therefore, it is not clear which specific molecules are critical in cardiac fate. We set out to explore combinatorial signaling from controlled ratios of the most likely ECM molecules in CM commitment from ESCs. The FN and LN were chosen because they are native cardiac ECM components derived from fibroblasts known to contribute to enhanced numbers of spontaneous beating of CMs from mouse ESCs.^[@B27]^ Moreover, FN is essential for heart and blood vessel morphogenesis^[@B28]^---its absence leads to defects in mesoderm and vascular development^[@B29]^---whereas, LN influences cytoskeletal and myofibrillar organization in neonatal rat CMs^[@B30]^ and increases the ability of mouse ESCs and human adipose-derived stem cells to differentiate into CMs.^[@B24],[@B31]^ Here, using highly optimized stage-specific protocols,^[@B16]^ we demonstrate that a substrate containing a 70:30 FN:LN promotes the generation of the highest numbers of CMs. We also confirm that these ECM-induced CMs involve integrin signaling through activation of integrin β (ITGB)4 receptor for LN, ITGB5 receptor for FN, and subsequent integrin-mediated MEK-ERK signaling pathway.

Materials and Methods {#s002}
=====================

Human ESC culture and differentiation {#s003}
-------------------------------------

Native H7 human (h)ESCs (WA07, WISC Bank, Madison, WI) and H9 hESCs (WA09, WISC Bank, Madison, WI), transfected with green fluorescence protein (GFP) expression linked to the α-myosin heavy chain (MHC) promoter (courtesy of Bernstein Lab, UCSF), were maintained in mouse embryonic fibroblast--conditioned medium supplemented with 5 ng/mL basic fibroblast growth factor (bFGF, Sigma) and plated on tissue cultured plates coated with Matrigel (BD) according to previously published protocols.^[@B32]^ Note that although α-MHC GFP H9 hESCs were used in the studies (due to the benefits for downstream cell sorting), it was not used as a marker of cardiac fate. This was due to the fact that α- and β-MHC exhibit oscillatory expression patterns during embryonic development.^[@B33]^ After CM specification, the α-MHC restricts its expression to atrial CMs while β-MHC appears only in ventricular CMs. *In vitro* differentiation models have shown similar expression patterns as well.^[@B33]^ Therefore, cardiac fate was determined by the expression of Nkx2.5 and cardiac troponin, rather than α-MHC.

For CM differentiation, we use our recently published stage-specific optimized protocol for H7 and H9.^[@B14]^ In brief, hESCs were detached using Accutase (Invitrogen) and dissociated into small clumps (three to five cells). The cells were then spun down and resuspended in 2 mL Roswell Park Memorial Institute (RPMI; Invitrogen) medium supplemented with 2% B27 (Invitrogen). To generate EB, a 400-μm Honeycomb Microwell microchip^[@B37]^ was placed into each well of a standard 24-well plate and 6×10^5^ cells were added to the Microwell. Ten micromolar of ROCK inhibitor (Y-27632; EMD) was added during EB formation to enhance cell survival. After 24 h, uniform EBs were formed in Microwell and then transferred to ultra-low attachment plates (Corning) in RPMI/B27 media. EBs were then dissociated into small clusters (three to five cells; treated with Accutase for 1 min) by gently pipetting 1×10^5^ cells into individual wells of a 96-well flat bottom plate (BD) coated with various ratios of FN (BD) and LN (BD) and compared against gelatin control ([Table 1](#T1){ref-type="table"}) for 5 and 6 days for H7 and H9, respectively. Each 60-mm dish was coated to a final concentration of 5 μg/cm^2^ of total ECM and incubated for 1 h before use. The growth factors were added with the following sequence: day 0--1, 2 ng/mL BMP4; days 1--4, 5 ng/mL bFGF, 6 ng/mL Activin A, and 30 ng/mL BMP4 for H7, or 5 ng/mL bFGF, 10 ng/mL Activin A, and 60 ng/mL BMP4 for H9; days 4--8, 150 ng/mL Dickkopf-related protein 1 (DKK1) and 10 ng/mL vascular endothelial growth factor (VEGF); days 8--14, 5 ng/mL basic fibroblast growth factor (bFGF) and 10 ng/mL VEGF. All growth factors were purchased from R&D Systems, Inc.

###### 

[Composition of Six Different Extracellular Matrix Substrates for Testing Cardiomyocyte Differentiation]{.smallcaps}

      *Fibronectin*                         *Laminin*   *Gelatin*
  --- ------------------------------------- ----------- -----------
  1   100^[a](#tf1){ref-type="table-fn"}^   ---         ---
  2   70                                    30          ---
  3   50                                    50          ---
  4   30                                    70          ---
  5   ---                                   100         ---
  6   ---                                   ---         100

Values in the table are percentages.

Quantitative polymerase chain reaction microarray {#s004}
-------------------------------------------------

Total RNA was extracted using TRIzol^®^ (Invitrogen), following the manufacturer\'s instructions. The concentration of RNA was determined using a Nanodrop spectrophotometer (Thermo Scientific). Two micrograms of RNA was processed with an RT^[@B2]^ First Strand Kit (SA Biosciences) according to the manufacturer\'s specifications. Quantitative polymerase chain reaction (PCR) analysis of ECM and cell adhesion molecules were assessed using the Human Extracellular Matrix and Adhesion Molecules PCR Array (SA Biosciences), RT^[@B2]^ SYBR^®^ Green qPCR master mix (SA Biosciences), and an 7300 Real-Time PCR System (Applied Biosystems). At least three RNA samples were analyzed per time point.

PCR microarray data analysis {#s005}
----------------------------

PCR array data were analyzed by the web-based RT^[@B2]^ Profiler PCR Array Data Analysis from SA Biosciences in the ΔΔCt method with five different housekeeping genes. The array data were plotted on volcano plots in which the *x*-axis indicates the fold change and the *y*-axis indicates the statistical reliability of the fold change. Genes significantly up-regulated (*p*\<0.1) in both H7 and H9 differentiated cells were identified.

Functional blocking integrin β4/β5 assays {#s006}
-----------------------------------------

In order to block the ITGB4 and ITBG5 receptors, either 10 μg/mL of mouse monoclonal anti-integrin β4 antibody (Novus Biologicals) or 10 μg/mL mouse monoclonal anti-integrin β5 antibody (Millipore) was added into the differentiation media from day 5 to 14 for H7 or from day 6 to 14 for H9.

MEK inhibitor studies {#s007}
---------------------

In order to inhibit the phosphorylation of ERK, 10 μg/mL the MEK inhibitor U0126 (Promega) was added into the differentiation media from day 5 to 14 for H7 or from day 6 to 14 for H9.

Flow cytometry and fluorescent microscopy {#s008}
-----------------------------------------

EBs and cardiac cells generated from hESC differentiation experiments were dissociated into single cells by incubation with cell dissociation buffer (enzyme-free, phosphate-buffered saline \[PBS\]-based, Invitrogen). The cells were then fixed with 4% paraformaldehyde (Tousimis Research Corporation) in PBS and permeabilized with 0.7% Triton X100 for 15 min, and immunostained with the following antibodies in 1:300 titration: anti-cardiac Troponin I (cTnI) (US Biological, catalog no. T8665-13F, clone no. 2Q1100, isotype IgG2b), anti-Nkx2.5 (R&D, catalog no. MAB2444, clone no. 259416, isotype IgG1), anti-ITGB4 (Millipore, catalog no. MAB2059, clone no. ASC-8, isotype IgG1), anti-ITGB5 (Novus Biologicals, catalog no. H00003693-M01, clone no. 2C4, isotype IgG1), anti-p-FAK (Santa Cruz Biotech, catalog no. sc-374668 clone no. A12, isotype IgG1), and anti-p-ERK (Santa Cruz Biotech, catalog no. sc-81492, clone no. 12D4, isotype IgG1). Mouse IgG1 and IgG2b (Sigma) were used as isotype controls. A LSRII flow cytometer (BD) was used for data acquisition and data analysis was performed using FlowJo software (Tree Star Inc.). For fluorescent microscopy, cells were stained for cTnI, ITBG4, and ITGB5 and counterstained with 4′,6-diamidino-2-phenylindole (DAPI; Calbiochem) and imaged on our Nikon confocal microscope.

Statistical analysis {#s009}
--------------------

Biological samples from three independent differentiation experiments were repeated a minimum of three times (*n*=3). Statistical significance was measure using one-way ANOVA followed by Tukey\'s *post hoc* method between three or more groups (*p*\<0.05). Data are presented as means of the sample set with standard deviation error bars.

Results {#s010}
=======

Substrate signaling in CM differentiation {#s011}
-----------------------------------------

In order to investigate the effect of various proportions of FN and LN ECM proteins on CM differentiation, hESCs were cultured in a series of FN- and/or LN-coated plates and compared with a gelatin control ([Table 1](#T1){ref-type="table"}). Expression of cardiac markers cTnI and Nkx2.5 was assessed by quantitative flow cytometry analysis ([Fig. 1](#f1){ref-type="fig"}) on day 14 of differentiation. As seen in [Figure 1](#f1){ref-type="fig"}, H7 and H9 cells derived on 70:30 FN:LN substrate gave rise to the greatest percentage of CM compared to other ratios of FN and LN. H7 monolayer on 70:30 FN:LN consisted of 76.5%±4.8% cTnI^+^ cells and 55.0 %±4.2% Nkx2.5^+^ cells, whereas the control H7 monolayer on gelatin contained approximately 50% cTnI^+^ and 35% Nkx2.5^+^ cells ([Fig. 1A, 1B](#f1){ref-type="fig"} and [Supplementary Fig. S1A, S1B](#SD1){ref-type="supplementary-material"}). H9 monolayer on 70:30 FN:LN contained over 60% CMs, while H9 on gelatin only contained about 50% CMs ([Fig. 1C, 1D](#f1){ref-type="fig"} and [Supplementary Fig. S1C, S1D](#SD1){ref-type="supplementary-material"}). Consistent with the literature, the expression of Nkx2.5, although high, remained consistently less compared with the cTnI^+^.^[@B16],[@B38]^ We expect that this was due to the Nkx2.5 expression peaking earlier on day 10, compared with the more mature cardiac marker, cTnI, expressed in a later stage.^[@B39]^ Compared with other ratios of FN and LN, the 70:30 FN:LN was consistently superior in generating CMs, suggesting that FN and LN are both contributing to the cardiogenesis.

![Percentage of cardiac cells from H7 and H9 human embryonic stem cells (hESCs) on different substrates at day 14. H7 **(A, B)** differentiated cells cultured on 70% fibronectin (FN) and 30% laminin (LN) contained the highest percentage of **(A)** cTnI^+^ and **(B)** Nkx2.5^+^ cells H9 **(C, D)** differentiated cells cultured on 70% FN and 30% LN contained the highest percentage of **(C)** cTnI^+^ and **(D)** Nkx2.5^+^. Bars indicate statistically significant differences between the indicated groups, and an asterisk (\*) indicates statistically significant differences between all groups.](fig-1){#f1}

Gene expression of ECM and adhesion molecules {#s012}
---------------------------------------------

To further understand the molecules involved in FN/LN signaling, we evaluated the gene expression of using a quantitative reverse-transcription PCR micoarray that simultaneously analyzed the gene expression of 84 ECM and adhesion molecules. Here, we compared our optimal substrate 70:30 FN:LN against gelatin (control) based on the fact that some of the most efficient protocols culture cells on gelatin during CM differentiation.^[@B13]^ Based on volcano plots of the array data, 12 genes were significantly up-regulated (*p*\<0.1) in H7, and 25 genes were significantly up-regulated in H9 ([Fig. 2](#f2){ref-type="fig"}, [Supplementary Table S1](#SD2){ref-type="supplementary-material"}). Based on the categorization of the gene products; 5 out of 12 of the up-regulated genes in H7-derived CMs and 8 out of 25 of the up-regulated genes in H9-derived CMs were transmembrane molecules. The remaining up-regulated genes were adhesion molecules (three and four); ECM proteases (one and five); and cell--cell adhesion molecules (one and four) in H7 and H9, respectively. Based on these data, we deduced that the transmembrane molecules may play the most important roles for directing CM fate.

![Human extracellular matrix (ECM) and adhesion molecules gene expression of cells cultured on 70:30 FN:LN compared with gelatin. Volcano plots H7 **(A)** and H9 **(B)** compared ECM and adhesion molecules gene expression fold change between cells cultured on optimal substrate and cells cultured on gelatin. The *x*-axis indicates the fold change, while the *y*-axis indicates the *p*-value of the fold change. Each dot represents the expression of one gene. Dots above the horizontal line show significant difference (*p*\<0.1). Dots in red represent up-regulated genes, dots in green represent down-regulated genes, while dots in black represent unchanged genes.](fig-2){#f2}

Looking more closely at the specific genes up-regulated in both H7 and H9 derived-CM cultured on 70:30 FN:LN compared with 100% gelatin, we find seven genes (*CNTN1*, *COL6A2*, *CTGF*, *ITGAM*, *ITGB4*, *ITGB5*, and *MMP8*) in common when we set the *p*=0.1, but only four genes (*CNTN1*, *CTGF*, *ITGB4*, and *ITGB5*) in common when we set the *p*=0.01 ([Supplementary Table S1](#SD2){ref-type="supplementary-material"}). Two of these are integrin transmembrane molecules: ITGB4, a, LN receptor,^[@B42]^ and ITGB5, an FN receptor.^[@B43]^ Because these integrins exhibited much higher fold changes than CNTN1 and CTGF in both H7 and H9 ESCs, the effects of ITGB4 and ITGB5 on CM differentiation were selected for further investigation.

Quantification of ITGB4, ITGB5, p-FAK, and p-ERK positive cells {#s013}
---------------------------------------------------------------

The ITGB4 and ITGB5 protein expression in H7 and H9 differentiation cultures on the optimal substrate and gelatin were first analyzed by flow cytometry analysis. The H7 differentiated on the optimal substrate, 70:30 FN:LN, contained 21% ITGB4 and 31% ITGB5 on day 14; whereas, the same cells on the gelatin contained 6% ITGB4 land 10% ITGB5 ([Fig. 3A](#f3){ref-type="fig"}, [Supplementary Fig. S2A](#SD3){ref-type="supplementary-material"}). Similarly, H9 ESC differentiating cells on the FN/LN substrate contained higher numbers, 27% of ITGB4^+^ cells and 44% ITGB5^+^ cells versus 12% and 13%, respectively, when derived on gelatin ([Fig. 3B](#f3){ref-type="fig"}, [Supplementary Fig. S2B](#SD3){ref-type="supplementary-material"}). Evidence of downstream integrin signaling was also investigated by analyzing the phosphorylation of both FAK and ERK in cells differentiated on the 70:30 FN:LN compared with gelatin. The significantly increased numbers of p-FAK (25% vs. 9% in H7; 27% vs. 12% in H9) and p-ERK (23% vs. 15% in H7; 31% vs. 8% in H9) were detected in hESCs differentiated on the optimal substrate compared with gelatin, respectively ([Fig. 3](#f3){ref-type="fig"}, [Supplementary Fig. S2](#SD3){ref-type="supplementary-material"}).

![Substrate signaling from 70:30 FN:LN compared with gelatin increased the number of p-FAK, p-ERK, ITGB4, and ITGB5 positive cells. Percentages of ITGB 4, ITGB 5, p-FAK, and p-ERK expressing cells from **(A)** H7and **(B)** H9 hESCs differentiating on 70:30 FN:LN were higher than those of cells on gelatin at day 14. Bars indicate statistically significant differences between the indicated groups. p-FAK, phosphorylated focal adhesion kinase; p-ERK, phosphorylated extracellular signal-regulated kinase; ITGB, intergrin β.](fig-3){#f3}

Blocking ITGB4/ITGB5 signaling reduces CM differentiation {#s014}
---------------------------------------------------------

In order to verify the role of ITGB4 and ITGB5 signaling in CM differentiation, cells were treated with ITGB4 and/or ITGB5 blocking antibodies starting from the day the cells were plated as a monolayer on the 70:30 FN:LN (optimized at day 5 and 6 for H7 and H9, respectively^[@B16]^) through day 14. ITGB4 blocking antibody treatment reduced cTnI^+^ cells in H7 and H9 by 50% and 45%, respectively, and reduced Nkx2.5^+^ cells in H7 and H9 by 74% and 64%, respectively ([Fig. 4](#f4){ref-type="fig"}, [Supplementary Fig. S3](#SD4){ref-type="supplementary-material"}). ITGB5 blocking antibody treatment reduced cTnI and Nkx2.5 expression in H7 and H9 by even more, 83%--89% ([Fig. 4](#f4){ref-type="fig"}, [Supplementary Fig. S3](#SD4){ref-type="supplementary-material"}). Blocking both ITGB4 and ITGB5 simultaneously almost completely eliminated the CM derivation in these culture, reducing cTnI and Nkx2.5 expression in both H7 and H9 by 92%--97% ([Fig. 4](#f4){ref-type="fig"}, [Supplementary Fig. S3](#SD4){ref-type="supplementary-material"}).

![Blocking ITGB4 and/or ITGB5 reduced both the percentage of cardiomyocyte (CM) positive cells and p-FAK--expressing cells in differentiating hESC cultures. The reduced numbers of cTnI^+^ and Nkx2.5^+^ cells in differentiated hESC cultures **(A)** H7 and **(B)** H9 treated with ITGB4 and/or ITGB5 blocking antibodies at day 14 correlate with the reduction in p-FAK. Blocking MEK signaling inhibited cardiomyocyte differentiation from H7 **(C)** and H9 **(D)**. The cTnI^+^, Nkx2.5^+^, and p-ERK^+^ cells in differentiation cultures were significantly much greater compared with cultures treated with MEK inhibitor U0126 at day 14. Bars indicate statistically significant differences between the indicated groups.](fig-4){#f4}

The effects of MEK inhibitor U0126 on CM differentiation {#s015}
--------------------------------------------------------

To verify the significance of the MEK signaling pathway, a downstream effector of FAK, in regulating CM differentiation of hESCs, the cells were cultured in the presence of the MEK inhibitor U0126 to inhibit MEK and the subsequent downstream phosphorylation of ERK. U0126 treatment started on the day that the cells were plated as a monolayer on the 70:30 FN:LN (day 5 and 6 for H7 and H9, respectively) through day 14. The flow cytometry data confirm that the U0126 reduced the p-ERK^+^ cells from 23% to 4% in H7 and from 31% to 2% in H9 ([Fig. 4](#f4){ref-type="fig"}, [Supplementary Fig. S4](#SD5){ref-type="supplementary-material"}). Moreover, the suppression of MEK/ERK by U0126 treatment also significantly decreased the cTnI^+^ cells to only 8% and 2% in H7 and H9, respectively ([Fig. 4](#f4){ref-type="fig"}, [Supplementary Fig. S4](#SD5){ref-type="supplementary-material"}). The Nkx2.5 expression was reduced to 4% and 2% in H7 and H9 treated with U0126, respectively, as well ([Fig. 4](#f4){ref-type="fig"}, [Supplementary Fig. S4](#SD5){ref-type="supplementary-material"}), indicating that MEK/ERK signaling plays a critical role in integrin signaling during cardiac specification.

Fluorescent imaging {#s016}
-------------------

The differentiated cultures were stained for cTnI and imaged in order to verify the presence of sacromeric structures ([Fig. 5A, 5B](#f5){ref-type="fig"}). The differentiated CM cultures were then co-stained with cTnI tetramethyl rhodamine isothiocyanate (TRITC), ITGB5 fluorescein isothiocyanate (FITC), and DAPI ([Fig. 5C](#f5){ref-type="fig"}). The image shows that cTnI^+^ cells were also positive for ITGB5 FITC. Interestingly, the co-staining of ITGB5 FITC with ITGB4 TRITC indicates that the cells are not double-positive for both integrins, but that the CM cultures contain cells expressing either ITGB4 or ITGB5 ([Fig. 5D](#f5){ref-type="fig"}). Consistent with FACS measurements ([Fig. 3](#f3){ref-type="fig"}), this image depicts that the cultures contain greater numbers of cells expressing ITGB5 compared with ITGB4, and that the spatial patterning of the ITGB4 and ITGB5 cells is mingled such that each ITGB5 cells is in contact with the ITGB4-expressing cells.

![Immunofluorescent images of hESC-CM. The **(A)** H7 and **(B)** H9 ESC-derived CMs were imaged under confocal microscope at day 14. The cells were immunofluorescently stained with cardiac troponin I (green) and DAPI (blue). The presence of some sacromeric structures are indicated by arrows. **(C)** The differentiated CM cultures from H9 ESCs were also co-stained with cTnI TRITC (red), ITGB5 FITC (green), and DAPI (blue), as well as **(D)** co-stained with ITGB5 FITC (green), ITGB4 (red), and DAPI (blue). DAPI, 4′,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; TRITC, tetramethyl rhodamine isothiocyanate.](fig-5){#f5}

Discussion and Conclusions {#s017}
==========================

Stem cell fate choices, including the regulation of cardiac structure and function of individual cells and tissues,^[@B17],[@B44]^ have been shown to be critically impacted by cell--matrix interactions. Therefore, we hypothesized that the ECM signaling from niche-appropriate molecules FN and LN would play a role in hESC specification toward CMs. Cardiac ECM is defined as a network surrounding and supporting myocardial constitutive cells including CMs, cardiac fibroblasts, endothelial cells (ECs), and vascular smooth muscle cells (SMCs). CM fibroblasts and SMCs produce the FN, while LN is synthesized by SMCs, CMs, and ECs.^[@B45]^ Therefore, the cardiac ECM consists of 3D interstitial collagens---predominantly collagen types I and III---to which other matrix components FN and LN are attached and mediate important functions such as healing and remodeling.^[@B46]^ By investigating the effects of various ratios of FN and LN, we found that hESCs differentiating on 70:30 FN:LN generated the greatest percentage (∼60%--70%) of CMs compared with gelatin (∼50%--60%). In general, collagen I and III expression levels (measure by mRNA) in the heart are comparatively high, while collagen IV, LN, and FN are expressed at intermediate levels.^[@B47]^ However, ECM components also vary by location (epi-, edo-, and myocardium) and over time in the developing heart. Specifically, in the myocardium, FN and collagen I are the highest in early development (E12.5), then lower after birth (P2), while collagen IV is low at E12.5 and increases later in development (P2).^[@B47]^

Because the integrin-mediated activation of MEK/ERK-induced differentiation of a variety of non-CM cell types is also triggered by the binding of FN and LN,^[@B48]^ we used a PCR array to highlight the transmembrane molecules playing a dominant role in ECM-induced CM differentiation. Specifically, the expression of FN receptor, ITGB5, and LN receptor, ITGB4, were found to be significantly increased in both H7 and H9 ESCs, and blocking these two molecules confirmed their role in generating CMs. The larger impact of ITGB5 blocking compared with ITGB4 blocking ([Fig. 4](#f4){ref-type="fig"}) is also consistent with the greater amount of the ITGB5 ligand, FN, in the FN/LN combined substrate. Analogous to the importance in optimization of the Activin A/BMP4 signaling levels in CM differentiation^[@B13],[@B14]^; we show here that a precise balance of FN and LN improves the differentiation efficiency of CMs from hESCs.

Although the 70:30 FN:LN directed the highest percentage of CM^+^ cells for both H7 and H9 hESC lines, the CM derivation of H9 cells on gelatin proved to be as efficient as the 100% FN and 50:50 FN:LN, while the 30:70 FN:LN and 100% LN proved to be the least efficient substrates for CM induction from both hESC lines. Moreover, the 70% FN is also consistent with a larger percentage of cells expressing the corresponding integrin ITGB5 (30% and 45% in H7 and H9, respectively) compared with only 20% and 35% ITGB4-expressing cells in H7 and H9 derivation cultures. Combined, these data indicate that the FN:LN signaling in CM fate is facilitated by the crosstalk between the ITGB5^+^ and the ITGB4^+^ cells.

One of the primary mechanisms for ECM signaling is the intracellular signal transduction pathway activated following the binding of ECM molecules to integrin receptors on the cell. The interplay between ECM components and integrin receptors regulate signal transduction in cells by first associating with FAK^[@B51]^ and subsequently initiating several downstream signaling events, including activation of ERK cascades that are known to regulate many developmentally relevant processes,^[@B52],[@B53]^ including cell fate.^[@B54],[@B55]^ The ITGB4, ITGB5, and ERK functional blocking studies, through inactivation of MEK activity, confirm that the 70:30 FN:LN ECM activated integrin signaling pathways result in phosphorylation of FAK and MEK/ERK signaling.

Because integrins and growth factors share common elements in their signaling pathways, there are many opportunities for integrin signals to modulate growth factor signals and for growth factors to modulate integrin signaling.^[@B56]^ Moreover, these activation pathways can be intercepted at a number of locations. For example, Raf activation is thought to be downstream of integrin-regulated p21-activated kinase, whereas MEK activation is downstream of integrin-regulated FAK.^[@B57],[@B58]^ Combining current dogma on integrin signaling with our integrin data, a partial mechanism is proposed ([Fig. 6](#f6){ref-type="fig"}). Integrin signaling on distinct cells begins with the clustering of dimeric (α,β) integrin receptors on distinct cells followed by induced recruitment of focal adhesion proteins (e.g., vinculin, paxillin, talin) and subsequent activation of integrin-associated signaling cascades, which among others, include such protein as FAK and src.^[@B59]^ Additional arrows are included because integrins can also intersect MAP kinase pathways at multiple points, including activation of Raf, activation of MEK, and nuclear translocation of Erk, thus enhancing or mitigating the effects of growth factor signaling, acting as genuine signaling receptors themselves.^[@B56]^

![Schematic drawing summarizing the mechanisms for ECM signaling in cardiomyocyte differentiation. The FN:LN ECM activates integrin, FAK, and MEK/ERK pathways, and in turn leads to the specification of cardiomyocyte differentiation from hESCs.](fig-6){#f6}

However, the spatial organization of the ITGB4^+^ and ITGB5^+^ cells indicate a stronger role for direct cell-to-cell communication in ITGB4/5 signaling rather than an indirect communication by release of soluble growth factors. The requirement of cell-to-cell signaling implicates the role of β-catenin signaling associated with cadherin cell adhesion molecules,^[@B60]^ and one of the most powerful pathways directing cardiac fate is the β-catenin/Wnt signaling.^[@B61]^ In general, Wnts are powerful regulators of cell proliferation and differentiation, and their signaling pathway involves proteins that directly participate in both gene transcription and cell adhesion. In fact, the multiple nodes that link cell adhesion to Wnt signaling indicate that these two processes may have coevolved (reviewed by Nelson and Nusse^[@B62]^). Therefore, our proposed mechanism ([Fig. 6](#f6){ref-type="fig"}) highlights the integrin signaling crosstalk cooperating with cadherin-dependent β-catenin signaling to increase β-catenin/Wnt differentiation of cardiac fate. Note that many of the specific components of this mechanism remain unclear, including the specifics of how ITGB4 and ITGB5 signaling are distinct from one another.

Although this manuscript focused on investigating the ITGB4 or ITGB5 signaling, the PCR array results also suggest that adhesion molecules CNTN1 and CTGF are involved in CM differentiation. CNTN1, a ligand for Notch, has been shown to promote the oligodendrocyte maturation.^[@B63]^ The Notch pathway is also a crucial cell-fate regulator for proper heart development,^[@B64],[@B65]^ suggesting the CNTN1 might have a functional role in promoting CM fate through Notch signaling pathway. Additionally, while CTGF has been described as inducing the differentiation of many cells,^[@B66]^ a role in CM specification has not yet been suggested.
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